H
omologous recombination (HR) is an important doublestrand break (DSB) repair pathway (1) , and HR has also been implicated in lesion bypass during replication (2) . A specific type of HR is gene conversion, a conservative process that can occur with or without an associated crossover. DSB-induced gene conversion involves nonreciprocal transfer of information from an unbroken donor locus to a broken (recipient) locus. Single-strand annealing is a distinct, nonconservative HR process restricted to cases when interacting regions are arranged as direct repeats (3) (4) (5) . Key HR proteins include RAD51, five RAD51 paralogs (6-10), RAD52, and RAD54 (11, 12) . Several other proteins have poorly defined roles in HR, including replication protein A (RPA), p53, and ATM (13) (14) (15) (16) . In yeast, Rad50 and Mre11 have been implicated in HR, particularly in an early step involving processing of broken ends to 3Ј single-stranded tails (17) .
DNA-dependent protein kinase (DNA-PK) is best known for its role in nonhomologous end-joining (NHEJ), an alternative DSB repair pathway. DNA-PK is a trimeric complex of a 465-kDa catalytic subunit (DNA-PKcs), Ku70, and Ku80 (18) . DNA-PKcs, ATM, and ATR are members of the phosphatidylinositol kinase family. These proteins exhibit serine-threonine protein kinase activity, and are involved in the regulation of transcription, cell cycle progression, and genomic stability (19) . Defects in NHEJ proteins in mammalian cells confer marked sensitivity to ionizing radiation (IR) and radiomimetic chemicals, and defects in DNA-PKcs inactivate V(D)J recombination, conferring severe combined immune deficiency in mice (20) . Other DNA-PKcs mutants are the Chinese hamster ovary (CHO) V3 cell line, and the human glioblastoma cell line MO59J (20, 21) . DNA-PKcs has not previously been known or proposed to have any function in relation to HR.
Genetic evidence supports the concept of HR and NHEJ as distinct (22) (23) (24) , yet competing DSB repair pathways (25, 26) . However, there is also evidence for mechanistic overlap between these pathways. In addition to DNA-PK, NHEJ requires LIG4 and XRCC4, and in yeast is influenced by defects in the Rad50-Mre11-Xrs2 complex (27) . MRE11-RAD50-NBS1 is the comparable complex in mammalian cells (17) . Thus, the MRE11-RAD50 complex has roles in both NHEJ and HR.
In view of the potential mechanistic overlap and͞or competition between HR and NHEJ, we sought to test the effects of DNA-PKcs deficiency on HR. We measured HR frequencies and product spectra in DNA-PKcs-defective CHO cells carrying chromosomal direct repeat HR substrates, and in isogenic derivatives complemented with human DNA-PKcs. We found that both spontaneous and DSB-induced HR were suppressed by DNA-PKcs. However, DSB-induced HR product spectra were similar in the presence and absence of DNA-PKcs, indicating that the effect of DNA-PKcs on DSB-induced HR is limited to the initiation step. These results are discussed with respect to the competition between HR and NHEJ in DSB repair. We also discuss potential roles for DNA-PKcs in repairing replicationassociated DSBs, and in recombinational bypass at stalled replication forks.
Materials and Methods
Isogenic Cell Lines with Defective or Functional DNA-PKcs. Cell culture and electroporation conditions have been described (28) . Plasmid pMSGneo2S12His (28) has a simian virus 40 promoterdriven Escherichia coli gpt gene flanked by a mouse mammary tumor virus (MMTV) promoter-driven neo gene (MMTVneo) inactivated by an insertion with an I-SceI nuclease recognition site, a promoterless copy of neo with 12 phenotypically silent restriction fragment length polymorphisms (RFLPs) called neo12, and the yeast HIS3 gene, which serves as a buffer during integration. A related plasmid, pMSGneo2SHis, lacks the RFLPs. CHO V3 derivatives containing single copies of these HR substrates (Fig. 1) were constructed and characterized as described (28) . The DNA-PKcs defect was complemented by coelectroporating 10 g each of pPur (CLONTECH) and a This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: DSB, double-strand break; NHEJ, nonhomologous end-joining; DNA-PK, DNA-dependent protein kinase; DNA-PKcs, catalytic subunit of DNA-PK; HR, homologous recombination; RPA, replication protein A; IR, ionizing radiation; CHO, Chinese hamster ovary; MMTV, mouse mammary tumor virus; RFLP, restriction fragment length polymorphism. ‡ To whom reprint requests may be addressed. E-mail: jnickoloff@salud.unm.edu. or djchen@lbl.gov.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
human DNA-PKcs expression vector (29) , or colipofecting 200 ng of pPur and 2 g of DNA-PKcs expression vector. Control cell lines were prepared by transfection with pPur only. Puromycinresistant transfectants were seeded to replicate 24-well dishes. Radiation-resistant clones were identified in one dish from each set exposed to continuous low-dose ␥ irradiation for 10 days (total dose Ϸ12 Gy) by using a 137 Cs source (J.L. Shepherd and Associates model 81-12 Dual Beam Irradiator with model 155 Attenuator), or by using fractionated doses (1 Gy per day for 10 days). Replicate (nonirradiated) cultures of radiation-resistant clones were used in subsequent experiments. To quantify radiation resistance, 1.25 ϫ 10 7 cells were irradiated in 25 ml of growth medium in 50-ml tubes, seeded at appropriate dilutions into 10-cm (diameter) dishes in growth medium, and incubated for 10 days before staining colonies with 1% (wt/vol) crystal violet in methanol. To measure DNA-PKcs levels, total cell lysates were prepared from 1.5 ϫ 10 7 cells by using 50 mM Tris, pH 7.5͞150 mM NaCl͞0.5% (vol/vol) IGEPAL CA-630 [(octylphenoxy)polyethoxyethanol], with 1 g/ml each of the protease inhibitors aprotinin, leupeptin, and pepstatin, and 50 g/ml PMSF added fresh before lysis. Lysate protein concentrations were determined by Bio-Rad DC assay, and 100 g of protein was combined with Laemmli loading buffer (2ϫ buffer: 4% SDS͞120 mM Tris, pH 6.8͞20% glycerol͞0.02% bromophenol blue͞200 mM DTT added just before use), and heated to 65°C for 5 min before loading onto a SDS͞4% PAGE gel. Separated proteins were transferred to a poly(vinylidene difluoride) membrane with transfer buffer (48 mM Tris base͞390 mM glycine͞ 0.1% SDS͞5% methanol). ECL reagents (Amersham Pharmacia) were used to detect DNA-PKcs on Western blots using an overnight incubation at 4°C of a 1:250 dilution [in 5% nonfat milk͞TBST (10 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞0.05% Tween-20)] of mouse monoclonal anti-DNA-PKcs antibodies (DNA-PKcs Ab-2, Oncogene), and a 3-h incubation at room temperature of a 1:1000 dilution of secondary antibodies in TBST. Loading controls were processed in parallel except that 10 g of protein was loaded and probed with anti-␤ actin antibodies (Sigma).
Recombination Assays. DSB-induced HR was assayed essentially as described (28) . Briefly, 4 ϫ 10 5 cells were seeded into 3.5-cm wells, incubated for 24 h, and transfected with 2 g of pCMV3xnls(I-SceI) (26) to induce DSBs, or with 2 g of the negative control vector pCMV(I-SceI Ϫ ) (30) by using Lipofectamine Plus as recommended by Gibco͞BRL (Gaithersburg, MD). Twenty-four hours after transfection, 2 ϫ 10 4 cells were seeded to each of two 10-cm dishes. After an additional 24 h, G418 was added (600 g/ml, 100% active). Cell viability was determined by plating appropriate dilutions into nonselective medium, and DSB-induced HR frequencies were calculated as the number of G418-resistant colonies per viable cell plated in G418 medium. Gross structures of HR products were analyzed by Southern hybridization as described (28) . Gene conversion tracts were measured by restriction mapping of 1.5-kbp PCR products of MMTVneo as described (31) . Spontaneous HR rates were measured by using fluctuation analysis. For each cell line, we generated four subclones and distributed Ϸ20 ϫ 10 6 viable cells of each subclone among 20 10-cm dishes containing G418. Cell viability was measured as above. After 12-14 days, colonies were stained and counted, and spontaneous HR rates were calculated as described by Reenan and Kolodner (32) .
Results

Isogenic Cell Lines with neo Direct Repeats and Functional or Non-
functional DNA-PKcs. CHO V3 cells are highly sensitive to IR, reflecting the absence of functional DNA-PKcs (20) , although the precise nature of the mutation is unknown. V3 radiosensitivity can be complemented with a cDNA encoding human DNA-PKcs (29) . We constructed derivatives of V3 cells that each carried a single, integrated copy of one of two neo HR substrates (Fig. 1) . In the first substrate, one copy of neo is driven by the MMTV promoter but is inactivated by insertion of an I-SceI recognition sequence. The second neo has 12 phenotypically silent, single-base mutations at Ϸ100-bp intervals that create RFLPs, but is inactive because it lacks a promoter (28) . The RFLPs allow detailed analysis of gene conversion tracts, including lengths, directionality, and continuity. The second HR substrate lacks the RFLPs. HR is detected by selecting for G418-resistant colonies. Six V3 derivatives were constructed, including four with RFLPs (V24, V714, V719, and V727) and two without (VD7 and VD13). Cotransfection of a human DNA-PKcs cDNA and a puromycin-resistance gene generated complemented derivatives; control strains were constructed by transfecting only the puromycin-resistance gene. Candidate DNA-PKcs-complemented transfectants were screened for increased radioresistance, and 1-3 functionally complemented derivatives of each cell line were isolated (identified by suffixes ''-C1, -C2, . . . '').
We measured cell survival after IR exposure and DNA-PKcs protein levels in each cell line. As expected, V3 and the six V3 derivatives were much more IR-sensitive than AA8, the wildtype parent of V3. All nine DNA-PKcs-complemented cell lines showed significantly increased radioresistance compared with noncomplemented lines, but only two showed essentially wildtype radioresistance (Fig. 2) . The inability of human DNA-PKcs to fully restore wild-type radioresistance may reflect limitations of cross-species complementation. Western detection of DNAPKcs showed high levels in AA8, none detectable in V3, V24, V714, V727, VD7, or VD13, and variable protein levels in the complemented cell lines (Fig. 3) . There was little correlation between DNA-PKcs protein levels and radioresistance. In particular, V24-C1 had very low DNA-PKcs levels, yet it was as radioresistant as cell lines expressing much higher levels of DNA-PKcs. Several independent Western analyses produced results comparable to those in Fig. 3 , indicating that the low DNA-PKcs level in V24-C1 is not an artifact of protein degradation. Previous complementation of V3 with human DNAPKcs also showed a lack of correlation between DNA-PKcs levels and radioresistance (29) . These results suggest that very low DNA-PKcs levels are sufficient to confer near-normal levels of NHEJ required for wild-type IR resistance.
DNA-PKcs Suppresses DSB-Induced HR. As in wild-type CHO cells (28) , DSBs induced by I-SceI nuclease enhanced HR frequencies by Ͼ2,000-fold in all cell lines in the present study (data not shown). DNA-PKcs complementation reduced DSB-induced HR by Ϸ2-fold (range: 1.5-to 3-fold; Fig. 4 ). In contrast, transfection of DNA-PKcs-defective cell lines with pPur alone had no significant effect on DSB-induced HR frequencies (Fig.  4 ; compare paired black and hatched bars). Thus, DNA-PKcs suppressed DSB-induced HR at six different chromosomal loci with substrates that were fully homologous or that had 12 heterologies. These results are consistent with the view that NHEJ mediated by DNA-PK competes with HR for repair of DSBs (see Discussion). Because IR resistance (and hence NHEJ) is restored to near wild-type levels by very low levels of DNAPKcs, it is not surprising that HR was reduced to approximately the same degree among cell lines with different levels of DNA-PKcs expression.
In prior analyses in wild-type CHO cells (derived from strain K1c), 97% of DSB-induced HR products of the neo12 substrate arose by short tract gene conversion without associated crossover; the remainder arose by deletion of a copy of neo and SVgpt by single-strand annealing, intrachromosomal crossovers, or unequal sister chromatid exchange (28) . If DNA-PKcs complementation suppresses DSB-induced HR by increasing NHEJ, DSB-induced HR product spectra would be expected to be similar in the presence or absence of DNA-PKcs. We isolated 10 DSB-induced HR products from V24 cells and 9 products from DNA-PKcs complemented V24-C1 cells. All 19 products arose by gene conversion without associated crossover, and most tracts were Ͻ200 bp in length (data not shown). Thus, there was no apparent difference among product spectra generated from V24, V24-C1, and the prior wild-type spectrum (28) . These results suggest that DNA-PKcs affects the frequency of HR initiation, but not subsequent steps.
DNA-PKcs Suppresses Spontaneous HR.
In a prior study with the neo12 HR substrate in wild-type CHO cells, the frequency of spontaneous HR was below the limit of detection (Ͻ10
Ϫ7
) (28) . Interestingly, preliminary analysis indicated that spontaneous HR with this same substrate was readily detected in the DNAPKcs mutant cell lines V24, V714, V719, and V727 (data not shown). Thus, it appeared that these DNA-PKcs-defective cell lines had hyper-recombination phenotypes. However, spontaneous HR frequency measurements are prone to error because of jackpots (reflecting early HR events during population expansion). To characterize the effect of DNA-PKcs on spontaneous HR, we measured spontaneous HR rates in two of these lines (V24, V714) and their respective DNA-PKcs-complemented derivatives by using fluctuation analysis (see Materials and Methods). In both cases, DNA-PKcs complementation suppressed spontaneous HR rates by Ϸ3-fold (or more) (Fig. 5) . We characterized 14 spontaneous G418-resistance products of V24 and determined that all arose by gene conversion without associated crossovers (data not shown); spontaneous products from the complemented V24 derivatives were not characterized because too few were recovered.
In bacteria, yeast, and mammalian cells, sequence divergence (as with neo12) inhibits spontaneous HR, often by 100-to 1,000-fold (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) , and this inhibition is largely mediated by the mismatch repair system (38-40, 43, 44, 48) . Consistent with these prior studies, preliminary analysis (involving single determinations of spontaneous HR frequencies per cell line) indicated that frequencies were generally higher among 11 V3 derivatives with neo as donor than among 14 V3 derivatives with the neo12 donor (data not shown). However, HR frequencies varied widely even among cell lines carrying the same HR substrate, likely reflecting both jackpots and position effects (49) . To determine whether DNA-PKcs influence on spontaneous HR depends on sequence heterology in HR substrates, we performed fluctuation analysis on two cell lines with the fully homologous neo donor (VD7 and VD13) and their complemented derivatives. As above, DNA-PKcs complementation suppressed spontaneous HR rates by 1.6-to 3.2-fold in the absence of RFLPs (Fig. 5) . Thus, DNA-PKcs suppressed spontaneous HR rates at several different chromosomal loci, and with both fully homologous or diverged HR substrates. 
Discussion
Competition Between NHEJ and HR. DSBs are repaired by both HR and NHEJ in yeast and mammalian cells, but the relative contributions of the two repair pathways differ between these cell types. This difference might reflect differences in repair proteins [yeast apparently lack both poly(ADP-ribose) polymerase and DNAPKcs] or differential regulation of a common set of repair proteins. Early genetic evidence suggested competition between HR and NHEJ (25) , and this view was strengthened by findings that HR proteins (RAD51, RAD52) and NHEJ proteins (Ku70, Ku80, DNA-PKcs) bind to DNA ends at DSBs (1, 50) . In Drosophila, chicken DT40 cells, and mouse, combined defects in HR (RAD54) and NHEJ (Ku70 or DNA-PKcs) led to synergistic increases in IR sensitivity, suggesting that these genes are in distinct epistasis groups (22) (23) (24) , although it is clear that HR and NHEJ repair overlapping sets of DSB damage (26) as well as mitomycin C crosslinks (23) . If these two pathways are in passive competition for DSBs (see below), and neither pathway is saturated, eliminating one pathway should increase the contribution of the other pathway. Consistent with the hypothesis that inactivation of NHEJ shunts DSBs to the competing HR pathway, we show here that complementation of DNA-PKcs-defective CHO cells with human DNAPKcs suppresses DSB-induced HR by Ϸ2-fold. This hypothesis was also supported by our analogous study in which we showed that that DSB-induced HR was 1.25-to 1.5-fold lower in wild-type yeast compared with NHEJ-defective yku70 mutants (51) . These modest decreases probably reflect the relatively minor role of NHEJ in yeast. Although a prior report suggested that DSB-induced HR frequencies in mammalian cells may not be affected by a defect in Ku80 (52) , recent data show Ku80 effects comparable to those reported here (73) .
I-SceI-induced DSBs are known to be repaired by imprecise NHEJ and by precise NHEJ (i.e., direct ligation of cohesive ends). Although imprecise NHEJ is thought to require the end-alignment function of DNA-PK (53), precise NHEJ (not detectable in our system) may be efficient in the absence of DNA-PKcs, requiring only Ku70͞Ku80, LIG4, and XRCC4. Nuclease DSBs are known to be repaired relatively efficiently by direct ligation in mammalian cells (54, 55) . Thus, a defect in DNA-PKcs may shunt toward HR only that fraction of DSBs ordinarily destined for repair by imprecise end-joining. In mouse cells, 30-50% of I-SceI-induced DSBs were repaired by HR (26) . If the imprecise end-joining events are shunted to HR in the absence of DNA-PKcs, DSB-induced HR would increase by 2-to 3-fold, as observed here.
We can envision passive and active modes of competition between NHEJ and HR. With passive competition, the repair outcome might depend on whether HR or NHEJ proteins bind first to broken ends, and͞or the availability of a homologous repair template. With active competition, the proteins involved in NHEJ and HR interact directly and influence each others' activities. Active competition is supported by the findings that the MRE11͞RAD50͞NBS1(XRS2) complexes have roles in both HR and NHEJ, and by the interactions between DNA-PKcs and proteins that influence HR, such as p53, ATM, and RPA. Current data do not distinguish between these models, and both may operate under specific conditions. For example, competition for nuclease DSBs might be passive, requiring relocation of repair proteins to broken ends, as with Ku in yeast (56) . In contrast, active interactions between HR and NHEJ proteins may be particularly important when DNA damage is encountered during replication, as discussed below. neous HR depends on replication, but it is not clear whether DSBs are involved. Single-strand breaks, arising during nucleotide and base excision repair of spontaneous lesions, may convert to DSBs when encountered by a replication fork (reviewed in ref. 57 ). Many types of damage stall or block replication fork progression, and in E. coli DSBs have been observed at arrested replication forks (58) . However, arrested replication can restart by a process termed recombination-dependent DNA replication, or homologous recombinational bypass, that is independent of DSB formation (2) .
We found that spontaneous HR rates were suppressed by Ϸ3-fold by DNA-PKcs complementation. This finding may reflect critical roles for DNA-PKcs in the repair of replicationdependent DSBs, although it is unlikely that such a role involves error-prone imprecise end-joining. Instead, DNA-PKcs might mediate precise end-joining of these DSBs, perhaps by promoting ligation of nonoverlapping single strands as observed by Roth and Wilson (55) , or by acting to bridge such sequences during DNA synthesis (Fig. 6A) . In the absence of DNA-PKcs, replication-dependent DSBs may default to HR bypass (Fig. 6B) . In the more general case of replication arrested by any form of template defect, DNA-PKcs might negatively regulate HR bypass by binding to the 3Ј end of the newly synthesized strand, thereby impeding the formation of a RAD51-nucleoprotein filament, the initiation of strand transfer, or extension of the transferred strand. In this regard, it is interesting that DNA-PKcs has been shown to block DNA end-processing in vitro (59) .
Alternatively, DNA-PKcs suppression of spontaneous HR may involve interactions of DNA-PKcs with (or phosphorylation of) proteins involved in NHEJ, HR, and replication. For example, Ku is a likely phosphorylation target of DNA-PKcs (20) , and a defect in DNA-PKcs might affect HR by altering Ku activity. Also, p53 and ATM are potential DNA-PKcs phosphorylation targets and both influence spontaneous HR (13) (14) (15) . p53 interacts with RAD51 (60, 61) , and ATM interacts with BRCA1 (62), which is involved in HR (63) . p53 and͞or ATM might influence HR at blocked replication forks, or their effects on HR may be indirect, reflecting instead their checkpoint functions. In cells with defective checkpoints, replication continues despite DNA damage, thus increasing the probability that a replication fork will encounter template lesions, stall and͞or produce DSBs.
The possibility that DNA-PKcs might modulate HR repair or bypass in conjunction with replication is further underscored by its interactions with RPA. RPA is a trimeric protein complex that binds single-stranded DNA and has important roles in both replication and HR (16) . RPA is one of several proteins with accessory roles in RAD51-dependent strand transfer (64) (65) (66) (67) (68) (69) . RPA may also be an important in vivo phosphorylation target of DNA-PKcs. Although there have been conflicting reports in this regard (70, 71) , the most recent data indicate that DNA-PKcs and RPA form a stable complex in unstressed cells, and that DNA-PKcs phosphorylates RPA in response to DNA damage specifically during DNA replication, leading to dissociation of the complex (72) . In the absence of DNA-PKcs, RPA would remain nonphosphorylated, and in this form RPA might interfere with NHEJ, and thereby promote HR. Alternatively, nonphosphorylated RPA might promote the transfer of a nascent end at a blocked replication fork to a sister chromatid. Although some HR in our system may involve interactions between linked neo repeats, most events likely involve interactions between repeats on sister chromatids (12) . To produce a selectable (neo ϩ ) recombinant product, the neo repeats in the two sister chromatids must be misaligned (Fig. 6B) . At blocked replication forks, interactions between RPA and DNA-PKcs may suppress strand transfer between sister chromatids, and͞or influence the likelihood of misalignment between repeated elements. , invasion can occur in misaligned or correctly aligned modes, producing recombinants or nonrecombinants, respectively. In either case, reassociation of this strand with the original template effects lesion bypass.
